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Oxide Interpolated FeS2 and FeS for Oxygen Reduction Reaction 
Hengyi Fang, [a] Taizhong Huang,* [a] Jianfeng Mao,*[b] Shuo Yao, [a] M. Mayilvel Dinesh, [a] Yue Sun, [a] 
Dong Liang, [a] Lei Qi, [a] Jiemei Yu, [a] and Zhankun Jiang[a] 
Abstract: The oxygen reduction reaction (ORR) plays a key role in 
many kinds of energy conversion and energy storage devices, 
especially in fuel cells. Developing low-cost, easily prepared, and 
high-efficiency catalysts is a crucial factor for the large-scale 
applications of fuel cells. Herein, we report the reduced graphene 
oxide (rGO) interpolated FeS2 and FeS as low cost and high 
performance electrocatalyst for ORR in the alkaline electrolyte. Cyclic 
voltammetry tests indicate that the onset potential of the ORR for 
FeS2@rGO is -0.142 V, which is close to the state-of-the-art 
commercial Pt/C (-0.114 V) catalyst. A low Tafel slope of ~ 98 
mV/decade and high durability are also observed for the FeS2@rGO 
composite for ORR. The reaction kinetics study shows that the rGO-
interpolated FeS2 catalyzed ORR major happen through 4-electron 
pathway, but the rGO-interpolated FeS catalyzed ORR major happen 
through mixed 2-electron and 4-electron pathway. The S-S bond of 
FeS2 play the major role for the happening of ORR through 4-electron 
pathway. 
1. Introduction 
Owing to the increasing energy crisis and environmental pollution 
that resulted from the heavy consumption of fossil fuels, clean 
energy resources such as wind and solar are playing more and 
more important roles in the energy field.[1] In order to adopt these 
intermittent renewable energies efficiently, technologies have 
been developed to meet the demands of energy conversion and 
storage.[2] Hence, there is significant interest in electrochemical 
energy conversion and storage technologies such as fuel cells, 
batteries, and supercapacitors. Among these devices, fuel cells 
are of particular interest due to their benefits of high energy 
intensity, rapid start-up, zero emissions, environmental 
friendliness, low operating temperature, etc.[3] In general, fuel cell 
devices generate electricity through electrochemical energy 
conversion between the anode (hydrogen, methanol, ethanol, 
etc.) and the cathode (air/oxygen from the atmosphere), where 
the ions move between the anode and cathode through the 
electrolyte; 
whereas the 
electrons 
liberated 
from the 
anode reach 
the cathode 
through the 
external 
circuit.[4] A 
major 
limiting 
factor for the energy-conversion efficiency of fuel cells is the 
sluggish reaction kinetics of the oxygen reduction reaction (ORR) 
at the cathode, which is determined by the performance of the 
catalysts on the electrode.[5]  
Although the platinum (Pt) based catalysts are the most 
popular ORR catalysts at present, the shortcomings of high cost, 
easily poisoned, and sluggish activity have become obstacles on 
the large-scale applications of fuel cells.[6] Therefore, developing 
high-performance and low-cost electrocatalysts for ORR is the 
key factor for promoting the wide applications of fuel cells.[7] 
Recent studies have shown that the integration of 
electrocatalyst with conducting support such as carbon 
nanomaterials, is an effective way to developing catalysts with 
both high catalytic performance and long-time running stability. [8] 
The combination of the transition metal-based catalyst with 
conductive nanocarbons represents a promising strategy to 
improve the overall catalytic performance towards ORR.[9] 
Compared to the traditional carbon-based materials (carbon 
nanotubes, carbon black), graphene has special catalytic 
characteristics for the ORR.[10] Firstly, the graphene, as support 
for the catalyst, has a strong affinity with other catalysts. Secondly, 
the graphene also shows some extent catalytic performance 
towards ORR, which could make it more effective in the catalytic 
process.[11] The peak current intensity of some graphene-
interpolated transition metal based catalysts for ORR even 
surpass that of commercial Pt/C catalyst.[12] Kinds of transition 
metal-based catalysts for ORR such as metal oxides, carbides, 
nitrides, and chalcogenides have been reported.[13] The favorable 
performance can be attributed to the incomplete outermost d 
orbital electrons of the transition metal atoms. Among the 
transition metal elements, the first-row transition metal 
chalcogenides (e.g. V, Ti, Fe) have emerged as high promising 
catalysts for ORR owning to their advantages of abundant 
sources, low cost, and considerable activity.[14] The catalytic 
performance of transition metal based catalysts for ORR can be 
improved by constructing novel structure and high catalytic active 
sites, which enhance the efficiency of mass transfer. The catalytic 
performance of metal sulfides has been reported. But the difficulty 
of the synthesis of transition metal sulfides with high purity has 
inhibited their applications as catalysts for ORR.[15, 16] 
In this work, we synthesized FeS2, FeS, and their 
nanocomposites with interpolated reduced graphene oxide (rGO), 
that is, FeS2@rGO and FeS@rGO, with high purity, and 
investigated their catalytic performances for ORR in alkaline 
electrolyte. It was found that the rGO interpolated FeS2 and FeS 
exhibit superior catalytic activity for ORR. Among all the catalysts, 
FeS2@rGO shows the highest catalytic performance for ORR. To 
the best of our knowledge, there are scarce report on the rGO 
interpolated FeS2 as catalyst for ORR in alkaline electrolyte. 
FeS2@rGO shows better stability than the benchmark Pt/C 
catalysts for ORR. FeS2@rGO has great 
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Figure 1. (a) XRD patterns of FeS, FeS@rGO, FeS2, and FeS2@rGO. (b) Raman spectra of FeS@rGO and FeS2@rGO. 
potential to be high performance catalyst for the ORR in cathodes 
of alkaline fuel cells.  
Results and Discussion 
Structural Properties of FeS, FeS@rGO, FeS2, and FeS2@rGO 
The synthesis procedure of FeS, FeS@rGO, FeS2 and 
FeS2@rGO are illustrated in Figure S1. The XRD patterns of 
the synthesized FeS, FeS@rGO, FeS2, and FeS2@rGO are 
shown in Figure 1a. FeS was easily indexed in both FeS and 
FeS@rGO, and the corresponding Joint Committee on 
Powder Diffraction Standards (JCPDS) file number is 65-
9124. The indexed results indicate that the FeS has a 
primitive hexagonal structure. The calculated cell parameters 
a and c of FeS are 0.345 and 0.569 nm, respectively. 
Similarly, FeS2 is indexed in both FeS2 and FeS2@rGO, and 
the corresponding JCPDS file number is 65-3321, which 
indicates that the FeS2 has a face-centered cubic (FCC) 
structure. The calculated cell parameter a of FeS2 is 0.542 
nm. The diffraction peak around 27.2°, which is obtained 
both in FeS2@rGO and FeS@rGO, could be attributed to the 
rGO (002) planes.[17] 
The presence of rGO in FeS@rGO and FeS2@rGO was 
further confirmed by Raman spectroscopy, as shown in 
Figure 1b. The typical D and G peaks are clearly found in the 
Raman spectra of both FeS@rGO and FeS2@rGO, which 
prove the presence of rGO. Interestingly, the obtained D and 
G peaks of FeS@rGO are centered at 1328.98 cm-1 and 
1589.06 cm-1, respectively, but for FeS2@rGO, the obtained 
D and G peaks are centered at 1365.01 cm-1 and 1608.20 
cm-1. The changes of the corresponding wavenumbers of the 
D and G peaks between FeS@rGO and FeS2@rGO should 
be induced by the FeS and FeS2. The intensity ratios of D to 
G peaks, ID/IG, of FeS@rGO and FeS2@rGO are 1.88 and 
1.28, respectively, which means that there are fewer defects 
in the rGO of FeS2@rGO than that of FeS@rGO.[18] The low 
ID/IG of FeS2@rGO should be attributed to the annealing 
treatment, which inhibits the occurrence of structural 
defects.[19]  
XPS measurements were carried out to examine the 
elemental compositions and atomic bonding states of FeS, 
FeS2, and their interaction with rGO. The full spectra of FeS, 
FeS2, FeS@rGO, and FeS2@rGO distinctly reveal the 
presence of Fe and S in the desired stoichiometric ratio 
(Figures S2-S5). The high-resolution XPS of Fe and S of 
FeS@rGO and FeS2@rGO have been deconvoluted, and 
the results are shown in Figure 2a and 2c. Figure 2a shows 
that the Fe 2p3/2 and Fe 2p1/2 peaks of Fe of FeS2@rGO at 
709.5 and 722.8 eV, respectively. Figure 2b shows that the 
XPS of S 2p of Fe of FeS@rGO.The two peaks with centered 
at 161.3 and 162.5 eV should be assigned to S 2p3/2 and S 
2p1/2, respectively. For FeS2@rGO (Figure 2c), the binding 
energies for Fe 2p3/2 and Fe 2p1/2 are centered at 708.6 and 
721.3 eV, respectively. The binding energies of Fe 2p of 
FeS@rGO and FeS2@rGO only show small differences. The 
binding energy of Fe 2p peaks of FeS@rGO and FeS2@rGO 
shifted to higher binding energy direction compared to the 
pristine FeS or FeS2, which should be attributed to the 
migration of metal electrons that induced by the strong 
electronegativity of O species on the rGO surface. The 
intimate interaction between rGO and metal sulfides renders 
the catalysts high conductivity and electrochemical activity. 
Figure 2d shows the XPS of S 2p of FeS2@rGO. The two 
strong peaks at 163.9 and 165.1 eV are corresponding to the 
S 2p3/2 and S 2p1/2 peaks, respectively. Comparison of the S 
2p peaks of FeS and FeS2 shows that the binding energy of 
S-Fe bond of FeS2 is stronger than that of FeS, which is the 
most obvious feature to distinguish these two catalysts.[20] 
The two small peaks corresponding to the binding energy of 
170.0 and 171.3 eV of Figure 2d should be attributed to -C-
SOx-C bonds.[21] The XPS test results demonstrate the 
successful synthesis of FeS, FeS2, FeS@rGO and 
FeS2@rGO. 
Typical SEM images and low resolution TEM images of 
FeS@rGO and FeS2@rGO are shown in Figure 3. The SEM 
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images of FeS@rGO show regular hexagonal sheets (FeS) 
which are enveloped by the rGO (Figure 3a).[22] 
 
Figure 2. High-resolution XPS of Fe in FeS@rGO (a) and FeS2@rGO (c); High-resolution XPS of S in FeS@rGO (b) and FeS2@rGO (d). 
The hexagonal shape of FeS is consistent with the SEM test 
results (Figure S6a, Supporting Information). Compared with 
the sheet-like FeS, FeS2@rGO in Figure 3b and pristine 
FeS2 in Figure S6b show an octahedral structure. 
 
Figure 3. SEM images of FeS@rGO nanosheets (a) and FeS2@rGO 
nanoparticles (b), low- resolution TEM images of FeS@rGO (c) and 
FeS2@rGO (d). 
The TEM image in Figure 3c shows that the FeS 
nanosheets are evenly distributed on the rGO sheets, which 
is consistent with the SEM image (Figure 3a). Figure 3d 
shows that the FeS2 particles are also distributed on the rGO 
sheets. Compared with the pristine FeS2 (Figure S6d), the 
size distributions of FeS2 in FeS2@rGO is more uniform. 
Based on the SEM results, the obtained element mappings 
of FeS, FeS@rGO, FeS2, and FeS2@rGO are shown in Figures 
S7-S10 (Supporting Information). The elemental mapping of each 
catalyst shows the signal of compositional elements. And the 
distributions of all the elements are consistent with each other, 
which prove the successful synthesis of each catalyst. 
ARTICLE    
 
 
 
 
 
 
Figure 4. HRTEM images of FeS (a), FeS@rGO(b), FeS2 (c), and 
FeS2@rGO (d). The insets in (a), (b), (c), and (d) are the corresponding 
SAED patterns. 
 
Figure 5. CV tests of FeS and FeS@rGO (a), FeS2 and FeS2@rGO (b) in both oxygen and argon saturated electrolyte, respectively; LSV tests (c) and 
Tafel (d) tests of FeS, FeS@rGO, FeS2 and FeS2@rGO; (e) The chronoamperometric tests of FeS@rGO, FeS2@rGO, and Pt/C catalysts. 
The HRTEM image of FeS in Figure 4a clearly shows 
that the crystal lattice spacing is 0.383 nm, which is 
corresponding to the (100) facet of FeS. Figure 4b shows the 
HRTEM image of FeS@rGO. (100) facet of FeS with the 
lattice spacing of 0.377 nm is also detected. On the other 
hand, the (002) facet of rGO is also detected in Figure 4b, 
which illustrates the successful synthesis of FeS@rGO. The 
SAED patterns of FeS and FeS@rGO are quite similar, 
which proves the presence of FeS in both of them. Figure 4c 
and 4d show the HRTEM images of FeS2 and FeS2@rGO, 
respectively. The (200) facet of FeS2 are detected in both of 
them. On the other hand, the SAED patterns of both catalysts 
are also quite similar, which also proves the successful 
synthesis of FeS2 in both of them. Based on the HRTEM and 
SAED results, the well-ordered and assembled structure can 
be attributed to the intrinsic crystal characteristics of the 
coordination interaction.[23] 
The catalytic performances of the catalysts for ORR are 
firstly examined by CV tests and the results are showed in 
Figure 5a and 5b.  
Figure 5a and 5b show the CV tests of FeS and FeS@rGO, 
and FeS2 and FeS2@rGO in oxygen and argon saturated 0.1 
M KOH electrolyte with the sweeping rate of 0.005 V s-1, 
respectively. It can be seen that, for all the catalysts, no 
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peaks could be detected in the argon saturated electrolyte, 
which means that all the catalysts can remain stable in the 
electrolyte during the test process. In contrast, obvious 
peaks are distinctly detected in the CV curves of the oxygen 
saturated electrolyte, which means that the oxygen could be 
reduced by all the catalysts. Based on the CV tests, the onset 
potential (Eonset), peak current potential (Ep) and peak current 
intensity (Jp) of the oxygen reduction reaction are obtained, 
and the results are shown in Table 1. 
Table 1 The Eonset, Ep, and Jp of FeS, FeS@rGO, FeS2, FeS2@rGO, and 
Pt/C catalysts 
It is clearly observed that, compared with other catalysts, 
the onset potential and peak current potential of FeS2@rGO 
exhibit a huge shift to the positive direction compared with 
other catalysts. On the other hand, the FeS2@rGO catalyzed 
ORR also shows the highest peak current intensity in all the 
catalysts. The onset potential of FeS2@rGO is -0.142 V, 
which is just 0.028 V lower than that of the Pt/C catalyst.[24] 
The FeS2@rGO shows the highest catalytic activity for ORR, 
which is further confirmed by the LSV tests (Figure 5c).  
Figure 5c shows the LSV tests of FeS, FeS@rGO, FeS2, 
and FeS2@rGO. It is clearly observed that the results are 
consistent with the CV test results. Compared with the 
pristine FeS or FeS2, the rGO interpolated catalysts exhibit 
higher onset potential and higher peak current intensity, 
which should be attributed to the enhanced conductivity and 
synergistic effect of rGO.[25] In particular, the catalytic 
performance for the ORR of FeS2@rGO hybrid is close to 
that of super Pt/C catalyst in terms of the onset potential and 
the peak current intensity.[26] 
The superior ORR catalytic activity of FeS2@rGO is also 
confirmed by its low Tafel slope as shown in Figure 5d. The 
Tafel slopes of FeS, FeS@rGO, FeS2, and FeS2@rGO are 
132.97, 117.69, 120.31 and 98.12 mV·decade-1, respectively. 
The Tafel slope of FeS2@rGO is even lower than that of Pt/C 
catalyst (119 mV·decade-1).[27] FeS2@rGO has the lowest 
polarization potential among the four catalysts, which is 
benefit to the continuous long-time running stability. Based 
on the Tafel tests, the exchange current intensity and 
electron transfer coefficient of ORR with the catalysts could 
be calculated according to Tafel’s equation (1):[28] 
𝜂 = 𝑎 + 𝑏 𝑙𝑜𝑔 𝑖 = −
2.303 𝑅𝑇
𝛼𝑛𝐹
𝑙𝑜𝑔 𝑖0 +  
2.303 𝑅𝑇
𝛼𝑛𝐹
𝑙𝑜𝑔 𝑖           (1) 
Where η is the overpotential, a is the intercept of the Tafel 
plot, b is the Tafel slope, R is the universal gas constant 
(8.314 J/(mol·K)), T is the temperature in K, F is the Faraday 
constant 96485 C/mol, n is the reaction electron number, α 
is the electron transfer coefficient, and i0 is the exchange 
current intensity on the catalyst surface. The calculated α 
and i0 are shown in Table 2. Clearly, the FeS2@rGO shows 
the highst electron transfer coefficient and exchange current 
intensity, which also confirms that the electrocatalytic activity 
of FeS2@rGO is the highest among the four catalysts. 
The long-time running stability of the catalysts is 
investigated by the current-time chronoamperometric tests, 
and the results are shown in Figure 5e. The results show that, 
apart from high catalytic activity, the FeS2@rGO catalyst also 
exhibits the highest catalytic durability. After a continuous 
5000 s running, the current intensity of FeS2@rGO is still 
remained above 94.3%, which is significantly higher than that 
of the benchmark Pt/C (74.3%), and the FeS@rGO (89.4%). 
As comparison, the current-time chronoamperometric test 
results for FeS and FeS2 are shown in Figure S11, which also 
demonstrates that the relative current intensity can be kept 
at 92.4% and 94.4%. The differences in the long-term 
running stability of these four catalysts should be attributed 
to their intrinsic structure characteristics and the influence of 
the interpolated rGO. 
The electrocatalytic activity and electron kinetics for 
ORR of the FeS@rGO and FeS2@rGO catalysts were also 
investigated by using rotating disk electrode (RDE) tests. 
The RDE tests of FeS@rGO and FeS2@rGO are shown in 
Figure 6, respectively, while the RDE tests for FeS andFeS2 
are supplied in Figure S12. It is distinctly observed that, to 
each catalyst, the current intensity of ORR increases with the 
increase of rotating speed at the same potential, which 
should be attributed to the enhanced oxygen diffusion on the 
electrode.[29] It can also be seen from the results that the 
current intensity of FeS@rGO and FeS2@rGO are higher 
than of pristine FeS and FeS2. 
Table 2 Tafel slope, electron transfer coefficient and exchange current 
intensity of the FeS, FeS@rGO, FeS2, and FeS2@rGO for ORR. 
 
 
Catalyst Eonset (V) Ep (V) Jp (mA cm-2) 
FeS -0.284 -
0.455 
0.103 
FeS@rGO -0.249 -
0.406 
0.146 
FeS2 -0.208 -
0.351 
0.251 
FeS2@rGO -0.142 -
0.316 
0.332 
Pt/C -0.114 -
0.269 
0.440 
Catalyst 
b (mV dec-
1) 
α i0 (mA cm-2) 
FeS 132.97 0.21 1.8×10-8 
FeS@rGO 117.69 0.28   3×10-8 
FeS2 120.31 0.24 4.1×10-8 
FeS2@rGO 98.12 0.34 6.2×10-8 
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Figure 6. RDE tests and corresponding K–L lines of FeS@rGO (a) and (b), and FeS2@rGO (c) and (d) in oxygen saturated 0.1 M KOH at different rotating speeds 
with the sweeping rate of 0.005 V s-1. 
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Figure 7. RRDE test results of (a) FeS@rGO and (c) FeS2@rGO at 1600 rpm, and the corresponding electron transfer numbers (n) and the percentage of H2O2 % 
of FeS@rGO (b) and FeS2@rGO (d). 
Based on the RDE tests, the electron transfer number 
(n) can be calculated according to the Koutechy-Levich (K-L) 
equation (2):[30] 
                    
1
𝐽
=
1
𝐽𝐿
 +  
1
𝐽𝐾
=
1
𝐵𝜔−1/2
+  
1
𝐽𝐾
                                (2) 
where J is the measured current intensity, JK is the kinetic 
current intensity, JL is the diffusion limiting current intensity, 
and ω is the electrode rotating speed. B is the slope of the 
K-L line, as defined in the Koutechy-Levich equation, which 
can be written as Equation (3):[31] 
   𝐵 = 0.62𝑛𝐹𝐶0(𝐷0)
2/3𝜐−1/6                              (3) 
where n is the electron transfer number, F is the Faraday 
constant: 96,485 C mol-1, D0 (1.9 × 10-5 cm2 S-1) is the 
diffusion coefficient of O2 in the 0.1 M KOH electrolyte, υ 
(0.01 cm2 s-1) is the kinetic viscosity, and C0 (1.2×10-6 mol 
cm-3) is the bulk concentration of O2 in the electrolyte. The 
constant 0.62 is adopted when the rotating speed ω is 
expressed in rad/s. The electron transfer numbers are 
calculated from the slopes of the K-L plots, and the results 
are shown in Figure 6 (FeS@rGO and FeS2@rGO) and 
Figure S12 (FeS and FeS2). The obtained electron transfer 
numbers of FeS, FeS@rGO, FeS2, and FeS2@rGO are 3.41, 
3.67, 3.69 and 3.92, respectively. Based on the results, it can 
be deduced that the ORR mainly happen through 4-electron 
pathway. Only a small amount of oxygen is reduced through 
2-electron pathway. The 4-electron and 2-electron ORR 
pathways are as follows:[32] 
4-electron pathway: 𝑂2 + 2𝐻2𝑂 + 4𝑒
− → 4𝑂𝐻−                   
(4) 
2-electron pathway: 𝑂2 + 2𝐻2𝑂 + 2𝑒
− → 2𝑂𝐻− + 𝐻2𝑂2      
(5) 
                                𝐻2𝑂2 + 2𝑒
− → 2𝑂𝐻−                            (6) 
Similarly, the calculated electron transfer number (n) 
and the percentage of generated hydrogen peroxide were 
further evaluated by using rotating ring disk electrode (RRDE) 
tests. Figure 7 shows the current intensity of disc electrode 
and collection ring of Pt. Based on the RRDE tests, the 
electron transfer number and the percentage of H2O2 were 
calculated according to the Eqs. (7) and (8):[33] 
                         𝑛 =
4×𝐼𝑑
𝐼𝑑+𝐼𝑟/𝑁
                                                   (7) 
                         𝐻2𝑂2 = 200 ×
𝐼𝑟/𝑁
𝐼𝑑+𝐼𝑟/𝑁
                                  (8) 
where Id is the disk current, Ir is the ring current, and N is the 
geometrical current collection coefficient of Pt in the RRDE 
(0.39). Figure 7c clearly shows that the current intensity of 
FeS2@rGO and FeS@rGO is 2.7 mA cm-2 and 1.1 mA cm-2, 
respectively. As shown in Figure 7 and Figure S13, the 
calculated electron transfer number for FeS, FeS@rGO, 
FeS2, and FeS2@rGO are 3.48, 3.85, 3.72 and 3.92, 
respectively. The results are consistent with the RDE test 
results. The obtained percentages of H2O2 are 32.5%, 24.8%, 
33.4% and 15.8%, respectively. Based on the RDE and 
RRDE tests, it could be deduced that the 4-electron and 2-
electron pathways of the ORR coexisted on the electrode. 
The occurrence of the 2-electron reaction is also inevitable 
in theory.[34] The outer-sphere electron transfer mechanism 
in alkaline media is likely to be responsible for the unwanted 
2-electron hydrogen peroxide intermediate.[35] The inner-
sphere electrocatalytic process is the direct cause of the 4-
electron pathway. 
A Faradaic Efficiency determination and post catalysis 
XPS analysis were test, which in order to exploring the 
stability of all the catalysts in the O2-saturated 0.1M KOH 
electrolyte. In addition, the RRDE was tested at a ring 
potential at -0.4 V to gain insight into the reaction mechanism. 
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Figure 8. Post catalysis XPS analysis of Fe (a) and S (b) for FeS2@rGO, Fe (c) and S (d) for FeS@rGO. 
It could be found that the collected ring current is much 
lower than disk current, indicating that the less intermediate 
product (H2O2) and the approximately four-electron transfer 
pathway for ORR. The Faradaic efficiency was calculated by 
test of the continuous OER (disk electrode)-ORR (ring 
electrode) process using the RRDE. The Faradaic efficiency 
was calculated by the equation followed:  
ε=Ir/(Id*N)                                  (9)  
Where Ir is the collected ring current of 45 μA, Id is the disk 
current, N is the current collection efficiency (0.39 in this 
study). After calculation, the Faradaic efficiency of FeS, 
FeS@rGO, FeS2, and FeS2@rGO is 73.2%, 83.5%, 77.1% 
and 87.9%, respectively. Due to the generation of hydrogen 
peroxide, the Faraday efficiency will be affected by it and will 
be reduced to some extent. The occurrence of side reactions 
during the reaction has certain negative effects on the 
oxygen reduction reaction. For example, hydrogen evolution 
or the generation of hydrogen peroxide is the cause of the 
decrease in Faraday efficiency. Faraday's efficiency is one 
of the criteria for judging material stability. The stability of the 
material should also be combined with other test results, 
such as the i-t curve. The Faraday efficiency of FeS2@RGO 
is the highest among the four catalyst materials, which is also 
consistent with the measured i-t curve, which proves the 
stability of the prepared FeS2@RGO material. Figure 8 
showed the Post catalysis XPS analysis of FeS2@rGO and 
FeS@rGO. It was clearly showed that the binding energy of 
the Fe and S of FeS2@rGO and FeS@rGO had a small shift 
after the reaction, which meant that no chemical bond 
changes happened during the reaction. The post analysis 
XPS of the catalyst also proved the long-term running 
stability of FeS2@rGO and FeS@rGO. The similar results of 
FeS2 and FeS were also obtained the results are showed in 
the Figure S14. The results of Faradaic Efficiency 
determination and post catalysis XPS analysis were 
consistent with the long-time running stability test, which 
certified the high long-time running stability of the catalysts. 
Based on the above results, it can be seen that the 
hybrid of FeS@rGO and FeS2@rGO show better catalytic 
performance for ORR than the pristine FeS and FeS2. This 
can be attributed to the synergistic effects between rGO and 
FeS2/FeS, which alter the surface electron configuration for 
oxygen adsorption/activation and provide networks for 
efficient electron transfer.[36] On the other hand, among all 
the catalysts, the FeS2@rGO shows the highest catalytic 
efficiency and lowest polarization for ORR. The shortened 
Fe-S bond length of FeS2 favors the low-spin (S = 0) ground 
state of electrons compared with the high-spin FeS,[37] which 
is benefit to the happening of the ORR. Impressively, the 
peak current intensity and the onset potential of FeS2@rGO 
are quite close to that of the super Pt/C catalyst. The long-
time running stability of FeS2@rGO is even better than that 
of Pt/C catalyst.[38] It could be forecasted that the FeS2@rGO 
has great potential to be a high performance substitute for 
the precious metal-based catalysts for ORR. 
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Conclusions 
In summary, FeS@rGO and FeS2@rGO catalysts are prepared 
via a facile method, and their electrocatalytic performances for 
ORR are reported. Results show that the FeS@rGO and 
FeS2@rGO catalysts show much better catalytic activity for ORR 
than the pristine FeS or FeS2, which should be attributed to the 
synergistic effect between rGO and metal sulfides. Remarkably, 
the onset potentials of FeS2@rGO catalyzed ORR is close to that 
of Pt/C catalyst. The long-time running stability of FeS2@rGO 
surpasses that of Pt/C catalyst. Based on the research, it can be 
concluded that the low cost, high performance Fe-based sulphide 
based catalysts have great potential to be substitute for the 
precious-based catalysts for ORR. This work provides some new 
insights for further design of high efficient non-noble metal based 
electrocatalysts for ORR through constructing novel nano-
structured graphene based composites. 
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Experimental details including chemical reagents, synthesis 
procedure of the FeS, FeS@rGO, FeS2 and FeS2@rGO, detailed 
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SEM images, EDS spectrum, and electrochemical measurements 
of FeS, FeS@rGO, FeS2 and FeS2@rGO. 
Acknowledgements  
This work was financially supported by the Science Development 
Project of Shandong Province (No. 2017GGX40115, 
2016GGX102038) and the National Natural Science Foundation 
of China (No. 21407060). The authors would like to thank the 
shiyanjia lab for the supporting of XPS analysis. The authors also 
would like to thank Dr. Tania Silver at the University of 
Wollongong for English editing. 
Keywords: Catalysis; Electrocatalysts; FeS; FeS2; Oxygen 
reduction reaction; Reduced graphene oxide 
[1]      a) B. C. H. Steele, J. Mater. Sci. 2001, 35, 1053-1068; b) K. Ahmed, K. 
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